N-glycans are direct determinants of CFTR folding and stability in secretory and endocytic membrane traffic by Glozman, Rina et al.
T
H
E
J
O
U
R
N
A
L
O
F
C
E
L
L
B
I
O
L
O
G
Y
JCB: ARTICLE
The Rockefeller University Press    $30.00
J. Cell Biol. Vol. 184 No. 6  847–862
www.jcb.org/cgi/doi/10.1083/jcb.200808124 JCB 847
  R. Glozman and T. Okiyoneda contributed equally to this paper. 
  Correspondence to Gergely L. Lukacs: gergely.lukacs@mcgill.ca 
  Abbreviations used in this paper: Ab, antibody; BFA, brefeldin A; CAS, castano-
spermine; CF, cystic ﬁ  brosis; CFTR, CF transmembrane conductance regulator; 
CHX, cycloheximide; CNX, calnexin; CRT, calreticulin; ELAD, endolysosomal 
degradation; endo, endoglycosidase; ERAD, ER-associated degradation; ESCRT, 
endosomal sorting complex required for transport; FRIA, ﬂ  uorescence ratiomet-
ric image analysis; LSB, Laemmli sample buffer; MVB, multivesicular body; pH  v  , 
vesicular pH; PNGase, peptide N-glycosidase; TUN, tunicamycin; Ub, ubiqui-
tin; WGA, wheat germ agglutinine; wt, wild type.   
        Introduction 
  Tightly controlled cellular surveillance mechanisms evolved to 
ensure that only folded polypeptides enter the distal secretory 
pathway (  Ellgaard and Helenius, 2003  ;   Molinari, 2007  ;   Wiseman 
et al., 2007  ). Depending on the polypeptide topology, ER lumi-
nal, and transmembrane and/or cytosolic chaperones, cochaper-
ones and folding enzymes assist the co- and posttranslational 
folding of newly synthesized molecules in the ER (  Ellgaard and 
Helenius, 2003  ). The folding kinetics and thermodynamics in 
concert with quality control factors determine whether a polypep-
tide attains its native conformation or as a terminally unfolded 
molecule is destined for degradation (  Molinari, 2007  ;   Wiseman 
et al., 2007  ;   Nakatsukasa and Brodsky, 2008  ). 
  N-glycosylation is one of the most prevalent posttransla-
tional modifi  cations that occurs during protein synthesis in the 
ER and has a pivotal role in the folding, targeting, and func-
tion of numerous proteins and the degradation of nonnative 
polypeptides. N-glycosylation is initiated by the cotransla-
tional addition of glucose  3 -mannose 9 - N -acetylglucosamine 2  
core oligosaccharides to the Asn residue of the lumenally ex-
posed consensus glycosylation site (NXS/T) by the oligosac-
charyltransferase (  Helenius and Aebi, 2001  ;   Molinari, 2007  ). 
Subsequent trimming of glucose and mannose residues deter-
mines whether the polypeptide undergoes additional folding cy-
cles or is targeted for the ER-associated degradation (ERAD) by 
retrotranslocation and ubiquitin (Ub)-proteasome  –  dependent 
proteolysis in the cytosol. Monoglucosylated oligosaccharides 
are generated by     -glucosidase I and II and recognized by lectin-
like ER chaperones (calnexin [CNX] and calreticulin [CRT]). 
Although additional glycosidase cleavage prevents the rebinding 
  N
-glycosylation, a common cotranslational modiﬁ  -
cation, is thought to be critical for plasma mem-
brane expression of glycoproteins by enhancing 
protein folding, trafﬁ  cking, and stability through targeting 
them to the ER folding cycles via lectin-like chaperones. 
In this study, we show that N-glycans, speciﬁ  cally core gly-
cans, enhance the productive folding and conformational 
stability of a polytopic membrane protein, the cystic ﬁ  brosis 
transmembrane conductance regulator (CFTR), indepen-
dently of lectin-like chaperones. Defective N-glycosylation 
reduces cell surface expression by impairing both early 
secretory and endocytic trafﬁ  c of CFTR. Conformational 
destabilization of the glycan-deﬁ  cient CFTR induces ubiq-
uitination, leading to rapid elimination from the cell sur-
face. Ubiquitinated CFTR is directed to lysosomal degrad ation 
instead of endocytic recycling in early endosomes mediated 
by ubiquitin-binding endosomal sorting complex required 
for transport (ESCRT) adaptors Hrs (hepatocyte growth 
factor  –  regulated tyrosine kinase substrate) and TSG101. 
These results suggest that cotranslational N-glycosylation 
can exert a chaperone-independent profolding change in 
the energetic of CFTR in vivo as well as outline a para-
digm for the peripheral trafﬁ  cking defect of membrane 
proteins with impaired glycosylation.
  N-glycans are direct determinants of CFTR folding 
and stability in secretory and endocytic 
membrane trafﬁ  c 
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and ubiquitination of the native channel. The structural de-
stabilization provokes the glycan-defi  cient CFTR ubiquitination. 
Ubiquitinated channels are rapidly eliminated from the cell sur-
face and targeted for endolysosomal degradation (ELAD) by 
the endosomal sorting complex required for transport (ESCRT) 
machinery. Collectively, these results suggest a direct chaperone-
independent role of N-glycans in membrane protein energetics 
and outline a novel paradigm for the metabolic defect of poly-
peptides with impaired glycosylation in vivo. 
  Results 
  Cell surface expression of glycosylation-
deﬁ  cient CFTR is severely reduced 
  CFTR glycosylation was abolished by mutagenesis of the two 
consensus Asn-linked N-glycosylation sites (  Kornfeld and 
Kornfeld, 1985  ) individually (N894D and N900D) or together 
(2D-CFTR) in CFTR. These mutations decreased the steady-
state level of the 3HA-tagged CFTR in both transient (COS-7) 
and stable (BHK) expression systems as published for untagged 
CFTR glycosylation mutants (  Fig. 1 A   and   Fig. S1 A  ;   Farinha 
and Amaral, 2005 ). 
[ID]FIG1[/ID]  The endoglycosidase (endo) H and F sensi-
tivity of N894D- and N900D-CFTR verifi  ed that both glycan 
chains underwent complex glycosylation, whereas the 2D-
CFTR failed to obtain N-glycans (  Fig. 1 B  ). Indirect immuno-
staining of the extracellular 3HA tag in nonpermeabilized cells 
revealed that N894D-, N900D-, and 2D-CFTR were expressed 
at the cell surface, as proved by colocalization with Alexa Fluor 
594  –  conjugated wheat germ agglutinine (WGA), a plasma 
membrane marker (  Fig. 1 C  ). Quantitative analysis of CFTR 
cell surface density by anti-HA antibody (Ab) binding to the 
3HA tag revealed that the N894D-, N900D-, and 2D-CFTR 
expression level was decreased by    37%,     63%, and    87%, 
respectively, relative to wild-type (wt) CFTR, which is in line 
with the immunostaining results (  Fig. 1 D  ). To rule out any spe-
cifi  c effect of the 2D substitution, Asn 894 and 900 residues 
were replaced with Ala (2A-CFTR) and Gln (2Q-CFTR). The 
cellular and plasma membrane expression of 2A- and 2Q-CFTR 
was reduced similar to that of 2D-CFTR (  Fig. 1, A and D  ). The 
2D-CFTR diminished cell surface expression was consistent 
with the attenuated cAMP-stimulated iodide effl  ux (  Fig. 1 E  ). 
Collectively, these results imply that N-glycans have a substan-
tial role in CFTR biogenesis. 
  N-glycans enhance CFTR folding efﬁ  ciency 
by chaperone-dependent and chaperone-
independent mechanisms 
  The reduction of the glycosylation-defi  cient CFTR cell surface 
levels could be attributed to impaired translational rate, ER fold-
ing yield, and decreased stability or a combination of these. The 
translational rates of the glycosylation-defi  cient and wt CFTR 
were indistinguishable and measured by the incorporation of 
[ 
35 S]-methionine and [ 
35 S]-cystein into CFTR during a short pulse 
labeling (Fig. S1 B). The limited folding effi   ciency  (30 – 40%)  of 
the wt CFTR in the ER, conceivably refl  ecting ineffi  cient post-
translational domain assembly (  Du et al., 2005  ;   Cui et al., 
2007 ),  was monitored by the conversion of the metabolically 
of native polypeptide to CNX/CRT, incompletely folded con-
formers are reglucosylated by the folding sensor UDP-glucose/
glycoprotein glucosyltransferase to allow additional folding 
attempts (  Helenius and Aebi, 2001  ;   Molinari, 2007  ). Terminally 
misfolded glycoproteins are subjected to mannose cleavages 
and recognition by lectin-like proteins (e.g., EDEMs [ER 
degradation – enhancing    -mannosidase – like  proteins],  OS-9,  and 
SEL-1) as adaptor molecules for retrotranslocation (  Helenius 
and Aebi, 2001  ;   Molinari, 2007  ;   Christianson et al., 2008  ). 
  N-glycosylation defect can severely impair the cell sur-
face expression of membrane proteins (e.g., rhodopsin, sul-
phonylurea receptor, and FGF receptor 2), leading to severe 
diseases such as retinitis pigmentosa, persistent hyperinsulin-
emic hypoglycemia, and craniosynostosis syndrome, respec-
tively (  Conti et al., 2002  ;   Zhu et al., 2004  ;   Mitra et al., 2006  ). 
Lack of glycosylation can retard productive folding by pre-
venting client protein engagement with the CNX/CRT cycles 
and attenuate the metabolic stability at multiple compart-
ments, including the cell surface (  Melikian et al., 1996  ;   Gong 
et al., 2002  ;   Chen et al., 2006  ). The molecular basis of defec-
tive cell surface stability of glycosylation-defective plasma 
membrane proteins is not known. 
 Cystic  fi  brosis (CF) transmembrane conductance regula-
tor (CFTR) is a polytopic integral membrane protein contain-
ing two membrane-spanning domains, two nucleotide-binding 
domains, and a single R domain. Loss of CFTR chloride chan-
nel activity at the cell surface causes CF, one of the most com-
mon genetic diseases in the Caucasian population (  Zielenski 
and Tsui, 1995  ). The newly synthesized CFTR undergoes core 
glycosylation in the fourth extracellular loop and complex-
type glycan modifi  cation upon traversing the Golgi complex 
(  Cheng et al., 1990  ;   Lukacs et al., 1994  ;   Ward and Kopito, 
1994  ). Only a fraction of the nascent CFTR chains undergoes 
productive folding, culminating in the formation of protease-
resistant transport-competent channels (  Lukacs et al., 1994  ; 
  Ward and Kopito, 1994  ) that enter COPII transport vesicles 
(  Wang et al., 2004  ). The conformational maturation of CFTR 
is assisted by both CNX and cytosolic chaperones (e.g., 
Hsc70/Hsp70, HdJ1/2, Hsp40, and the Hsp90 complex;   Yang 
et al., 1993  ;   Pind et al., 1994  ;   Loo et al., 1998  ;   Meacham et al., 
1999  ;   Okiyoneda et al., 2004  ;   Rosser et al., 2008  ). The folding 
of CFTR is attenuated by a large number of point mutations, in-
cluding the deletion of F508 (  Δ  F508), the most common CF mu-
tation (  Cheng et al., 1990  ). Although defective N-glycosylation 
impairs the folding and stability of CFTR (  Farinha and Amaral, 
2005  ;   Chang et al., 2008  ), the complex-glycosylated CFTR 
expression level was modestly reduced in CNX-depleted cells 
(  Farinha and Amaral, 2005  ;   Okiyoneda et al., 2008  ;   Rosser 
et al., 2008  ), suggesting that N-glycans may have an intrinsic 
role in the channel biogenesis. 
  Using a combination of approaches, we show in this 
study that besides recruiting CNX and promoting CFTR na-
scent chain folding, core glycans have a direct effect on chan-
nel conformational maturation in the ER. Importantly, although 
CNX enhances the folding yield without stabilizing the native 
state, N-glycans structurally stabilize the CFTR as indicated 
by the decreased protease susceptibility, thermoaggregation, 849 DIRECT EFFECT OF N-GLYCAN ON CFTR BIOGENESIS   • Glozman et al. 
  The 2D-CFTR folding effi  ciency measurements were 
based on two observations: (1) elimination of N-glycans accel-
erated the degradation of the pulse-labeled nonnative wt and did 
not delay the   Δ  F508-CFTR removal (Fig. S1, C  –  E), and (2) the 
ER expression of the 2D-CFTR was eliminated after 3 h of cyclo-
heximide (CHX) chase, as measured by the colocalization of 
the 2D-CFTR with CNX (Fig. S1 F). Therefore, the 2D-CFTR 
folding effi   ciency could be determined by metabolic pulse-
chase experiments after a 3-h chase. The result indicated that 
only 4.9   ±   1.2% of the newly synthesized 2D-CFTR escaped the 
ER degradation (  Fig. 2 A  ). Comparable reduction was observed 
pulse-labeled, core-glycosylated folding intermediates into 
complex-glycosylated CFTR in the Golgi complex during a 
3-h chase. Notably, wt CFTR can achieve its folded protease resis-
tance conformation in the ER without undergoing complex glyco-
sylation upon the inhibition of the ER to Golgi vesicular transport 
by brefeldin A (BFA;   Lukacs et al., 1994  ;   Ward and Kopito, 1994  ). 
Both the folded core- and complex-glycosylated channel have a 
metabolic half-life   ≥  16 h and are resistant to limited proteolysis in 
vitro (  Lukacs et al., 1994  ;   Zhang et al., 1998  ). The wt CFTR fold-
ing effi  ciency (34.0   ±   5.6%) was reduced to 15.6  ±   0.5% and 13.8  ±   
1.2% in N894D- and N900D-CFTR, respectively (  Fig. 2 A  ). 
[ID]FIG2[/ID]  
  Figure 1.       N-glycosylation defect reduces the cell surface expression of CFTR.   (A) Expression levels of CFTR-3HA variants in stably (BHK) and transiently 
(COS-7) transfected cells were visualized by immunoblotting. Na 
+  /K 
+  -ATPase and     -actin were used as a loading control. Open and closed arrow-
heads indicate core-glycosylated/nonglycosylated CFTR and complex-glycosylated CFTR, respectively. The   Δ  F508-CFTR mutant remains core glycosylated. 
(B) Endo H (H) and PNGase F (F) sensitivity of CFTR variants was assessed by immunoblotting with anti-HA Ab after the incubation of BHK cell lysates with 
or without endo for 3 h at 33  °  C. (C) Cell surface expression of CFTR-3HA variants in BHK cells was examined by immunostaining with anti-HA Ab without 
permeabilization. Plasma membrane was stained with Alexa Fluor 594  –  WGA. (D) Cell surface density of CFTR variants in BHK cells was measured by 
anti-HA Ab  –  binding assay and expressed as a percentage of the wt CFTR normalized for cellular proteins. (E) 2D-CFTR is active in BHK cells, as measured 
by iodide efﬂ  ux assay. Error bars indicate mean   ±   SEM. Bar, 10   μ  m.     JCB • VOLUME 184 • NUMBER 6 • 2009  850
was verifi  ed by coimmunoprecipitation (  Fig. 2 B  ). In addition, 
CNX association with the nonnative core-glycosylated wt and 
  Δ  F508-CFTR was also prevented by interfering with mono-
glucosylated N-glycan formation using the glucosidase inhibi-
tor castanospermine (CAS), confi  rming previous observations 
(  Pind et al., 1994  ;   Farinha and Amaral, 2005  ;   Rosser et al., 
2008  ;   Fig. 2 D  , lane 5). Although CAS did not prevent complex 
glycosylation, 0.1 mM CAS was suffi   cient to inhibit the 
    -glucosidase activity in BHK cells by   >  95% (unpublished 
data). Oblit  erating CNX  –  CFTR interaction by CAS decreased 
the channel folding only by 30  –  34% in BHK and HeLa 
for 2Q- and 2A-CFTR folding effi  ciency (  Fig. 2 A  ), implying 
that the folding defect is not specifi  c to the 2D substitution. 
 N-glycans may enhance CFTR folding by recruiting lectin-
like chaperones and stabilizing folding intermediates and/or by 
directly altering the folding energetics of the channel (  Helenius 
and Aebi, 2001  ;   Wiseman et al., 2007  ). To assess the contribu-
tion of lectin-like chaperones to CFTR biogenesis, we took ad-
vantage of the observation that CNX but not CRT binds to CFTR 
folding intermediates (  Harada et al., 2006  ;   Chang et al., 2008  ; 
unpublished data). CNX binding to the core-glycosylated wt and 
mutant   Δ  F508-CFTR was prevented by the 2D mutation, which 
  Figure 2.       Defective N-glycosylation severely prevents the productive folding of CFTR.   (A) The pulse-labeled CFTR folding efﬁ  ciency was determined by 
the production of the complex-glycosylated form or by the remaining amount of protease resistant (2D) after 3-h chase and expressed as a percentage of 
the initial radioactivity measured by phosphorimage analysis (  n   = 3  –  6). (B) CNX binding to CFTR immunoprecipitates was measured by immunoblotting 
with anti-CNX Ab. Nonnative folding intermediates (immature form) of wt and 2D-CFTR were eliminated with CHX for 3 h. (C) Differential effect of CAS 
and TUN on wt CFTR folding efﬁ  ciency measured as in A in BHK and HeLa cells. Cells were treated with 1 mM CAS or 10   μ  g/ml TUN for 90 min before 
and during the pulse labeling (  n   = 3  –  5). (D) TUN and CAS treatment (4 h) prevents CNX association with nonnative wt CFTR determined as in B. Asterisks 
indicate the nonglycosylated wt CFTR. A, B, and C indicate nonglycosylated CFTR, core-glycosylated CFTR, and complex-glycosylated CFTR, respectively. 
Open and closed arrowheads indicate the core-glycosylated/nonglycosylated CFTR and complex-glycosylated CFTR, respectively. IP, immunoprecipitation; 
pre, preincubation; deple, depletion; pul, pulse label. Error bars indicate mean   ±   SEM.     851 DIRECT EFFECT OF N-GLYCAN ON CFTR BIOGENESIS   • Glozman et al. 
effects were attained in CAS-treated cells (  Fig. 2 C  ). CNX 
siRNA did not provoke the up-regulation of Hsp70, Hsp90, 
BiP, and Grp94 (  Fig. 3 A  ). Furthermore, CFTR expression 
levels were reduced by a similar extent in mouse embryonic 
fi  broblast derived from the CNX knockout mouse (  Okiyoneda 
et al., 2008  ). These results, together with our pharmacological 
and mutagenesis experiments, indicate that N-glycans have a 
fundamental CNX-independent role in CFTR biogenesis by 
enhancing its folding effi  ciency, stabilizing the native fold, or 
a combination of both. 
  Core glycans have a permissive role 
in CFTR stabilization in post-Golgi 
compartments and at the cell surface 
  As a surrogate measure of the native-state stability, we examined 
the metabolic turnover of CFTR variants in post-Golgi compart-
ments. This approach is based on the correlation between the 
conformational stability and metabolic turnover rates of soluble 
and membrane proteins including CFTR (  Krebs et al., 2004  ; 
  Sharma et al., 2004  ;   Wiseman et al., 2007  ). To enhance the 
  radioactive labeling, the pulse duration was extended to 40 min. 
3 h of chase was suffi  cient to eliminate the incompletely folded 
conformers in the ER (Fig. S1, D and F; and not depicted). The 
transport-competent native 2D-CFTR has threefold accelerated 
(  t  1/2   =     4 h), whereas the N894D- and N900D-CFTR have ap-
proximately twofold faster metabolic turnover rates than the wt 
channel (  t  1/2   =     12 h;   Fig. 4, A and B  ). 
[ID]FIG4[/ID]  The turnover of the cell 
surface 2D-, 2A-, and 2Q-CFTR was accelerated by more than 
cells (  Fig. 2 C  ). Remarkably, when CNX binding was blocked 
by an inhibitor of N-glycosylation, tunicamycin (TUN;   Fig. 2 D  , 
lane 4), the folding effi  ciency decreased by 77  –  84% (  Fig. 2 C  ). 
The pronounced reduction in the folding effi  ciency cannot be 
attributed to TUN-induced unfolded protein response or stress 
response because the expression levels of Hsp70, BiP, and 
Grp94 were similar in treated and untreated cells (  Fig. S2 A  ). 
TUN also failed to impose an ER exit block on the channel, 
which was measured by immunostaining on CHX-treated cells 
(unpublished data). Nonspecifi  c effects were minimized by   <  2-h 
TUN treatment of cells (  Fig. 2 C  , top). Assuming complete 
inhibition of core glycosylation with TUN and CNX binding to 
CFTR with CAS, these observations imply that     45% of the 
total CFTR folding effi  ciency (15  –  16% of the 34%) could be 
attributed to the direct effect of N-glycans. The comparable 
folding yield of the 2D-, 2A-, and 2Q-CFTR as well as the 
TUN-treated wt CFTR support the conclusion that the glycosyl-
ation defect is responsible for the severely impaired folding in 
TUN-treated cells. 
  To verify the CNX-dependent component of N-glycan 
function in CFTR folding, HeLa cells were depleted   >  80% of 
their CNX content by siRNA (  Fig. 3 A  ). 
[ID]FIG3[/ID]  CNX siRNA de-
creased the CFTR maturation effi  ciency from 33.8   ±   2.3% to 
21.8   ±   1.4% (  Fig. 3 B  ) and the CFTR cell surface expression 
level by 30% (  Fig. 3 C  ), which were measured by pulse-chase 
and cell surface Ab binding, respectively. The residual CNX 
activity cannot account for the limited reduction of CFTR 
folding effi  ciency and cell surface density because comparable 
  Figure 3.       CNX knockdown partially inhibits 
CFTR folding.   (A) Selective down-regulation of 
CNX with 100 nM siRNA in CFTR-expressing 
HeLa cells. Equal amounts of nonspeciﬁ  c (n.s.) 
and CNX siRNA  –  treated lysates were analyzed 
by immunoblotting. C and B indicate complex-
glycosylated CFTR and core-glycosylated CFTR, 
respectively. (B) Folding yield of wt CFTR in 
CNX-depleted HeLa cells was measured by 
pulse-chase experiments (  n   = 3). (C) Effect of 
CNX knockdown on the cell surface density of 
CFTR in HeLa cells (  n   = 3). Error bars indicate 
mean   ±   SEM.     JCB • VOLUME 184 • NUMBER 6 • 2009  852
HEK293S and HEK293 cells, respectively (  Fig. 5, A  –  C  ). These 
results imply that core glycosylation is suffi  cient for the produc-
tive folding of CFTR, a conclusion substantiated by the indistin-
guishable metabolic and cell surface turnover rates of CFTR in 
HEK293S and control HEK293 cells (  Fig. 5, D and E  ). 
  N-glycans are not required for CFTR 
stability after the native fold 
has been attained 
  Removal of N-glycan chains has an unpredictable effect on the 
native fold stability (  Wormald and Dwek, 1999  ;   Mitra et al., 
2006  ). Complete deglycosylation of CFTR by recombinant pep-
tide N-glycosidase F (PNGase F) had no discernable effect on 
the plasma membrane turnover of the wt, 894D-, and 900D-
CFTR (  Fig. S3, A and B  ). The CFTR deglycosylation was veri-
fi  ed by the channel electrophoretic mobility shift upon in vivo 
and in vitro endo F treatment (Fig. S3 A). Similar results were 
fourfold (  t  1/2   =     4 h), which was detected by the disappearance 
kinetics of the anti-HA Ab  –  labeled channels in vivo (  Fig. 4 C  ). 
Importantly, disruption of the CNX  –  CFTR interaction by CAS 
and siRNA had no discernable effect on the metabolic and cell 
surface turnover of the mature CFTR ( Fig. 4 D  and not depicted). 
In contrast, TUN, similar to the 2D mutation, destabilized the 
channel by threefold, supporting the notion that N-glycans are 
essential determinants of CFTR stability in post-Golgi compart-
ments (  Fig. 4 D   and not depicted). 
  As a complementary approach to assess the core-glycosyl-
ated CFTR peripheral stability, we used N-acetylglucosaminyl 
transferase I  –  defi  cient HEK293S cells with impaired capacity to 
synthesize complex-type N-glycans (  Reeves et al., 2002  ). Endo 
digestion and immunoblotting verifi  ed that CFTR underwent 
only core glycosylation in stably transfected HEK293S cells 
(  Fig. 5, A and B  ). 
[ID]FIG5[/ID]  The core- and complex-glycosylated CFTR 
exhibited similar expression level and cell surface densities in 
  Figure 4.       N-glycans are required for CFTR stability in post-Golgi compartments.   (A and B) Turnover of mature CFTR variants was measured after 40-min 
pulse labeling (pul) and 3-h chase by immunoprecipitation and phosphorimage analysis (  n   = 5). (C) The cell surface stability of CFTR-3HA variants was de-
termined by anti-HA Ab  –  binding assay. The disappearance of anti-HA Ab bound to cell surface CFTR was monitored at 37  °  C (  n   = 4). (D) The effect of TUN 
and CAS on the turnover of mature wt CFTR in post-Golgi compartments (  n   = 3). Glycosylation inhibitors were present during the preincubation (90 min) and 
the radioactive pulse (40 min) as indicated. Dashed lines in B and D indicate the half-life of mature CFTR. Arrowheads in the scheme in A and D indicate 
the time when the sample was collected. Error bars indicate mean   ±   SEM.     853 DIRECT EFFECT OF N-GLYCAN ON CFTR BIOGENESIS   • Glozman et al. 
  The distinct destination of internalized wt and mutant chan-
nels was substantiated by monitoring the postendocytic sorting of 
FITC-labeled channel using vesicular pH (pH  v )  measurements  of 
CFTR-containing vesicles with fl  uorescence ratiometric image 
analysis (FRIA;   Sharma et al., 2004  ;   Barriere et al., 2007  ). After 
the internalization of anti-HA Ab and FITC-conjugated Fab sec-
ondary Ab complexed with CFTR for 1 h, cells were chased in 
Ab-free medium for 30 min. FRIA confi  rmed that wt CFTR was 
excluded from lysosomes and confi  ned, predominantly, to the 
mildly acidic (pH 6.4   ±   0.01) recycling endosomal compartment 
both in control and CNX-depleted cells (  Fig. 6 D   and not de-
picted). Similar results were obtained on wt CFTR harboring 
only core oligosaccharides in HEK293S cells (  Fig. 6 E  ). In sharp 
contrast, internalized 2D-CFTR, and to a lesser extent the 894D- 
and 900D-CFTR, were excluded from recycling endosomes and 
targeted into more acidic late endosomes and multivesicular body 
(MVB)/lysosomes displaying mean pH  v   of  4.9 – 5.5  ( Fig.  6, 
D and E  ). Considering that the anti-HA Ab dissociation at pH = 5 
is negligible from the CFTR-3HA (  Kumar et al., 2007  ), both the 
pH measurements and the immunolocalization data demonstrate 
that the glycosylation-defi  cient CFTRs are preferentially targeted 
to MVB/lysosomes. 
  Ub-dependent endosomal sorting machinery 
is involved in the lysosomal targeting 
of the 2D-CFTR 
  We have previously shown that CF-causing mutations residing 
in the cytosolic domains (e.g.,   Δ  F508) are associated with 
obtained by the cleavage of high mannose-type oligosaccharides 
(core glycans) of the cell surface resident CFTR using recombi-
nant endo A (endo-   - N  -acetylglucosaminidase in HEK293S 
cells; Fig. S3 C;   Fan et al., 1995  ). Thus, neither the core nor the 
complex glycans are necessary to maintain the CFTR native fold 
once it was attained similar to a subset of glycoprotein (  Cronin 
et al., 2005  ;   daCosta et al., 2005  ). 
  Defective endocytic recycling accounts 
for the premature degradation of the 
glycosylation-deﬁ  cient CFTR from the 
cell surface 
  To assess the role of internalization in the accelerated turnover of 
glycan-defi  cient CFTRs, the channel endocytosis rate was deter-
mined by the anti-HA Ab uptake assay. The internalization rates of 
the glycosylation-defi  cient and wt CFTR were similar (  Fig. 6 A  ). 
[ID]FIG6[/ID]  
In contrast, the recycling of 894D- and 900D-CFTR was inhibited 
by 50 – 60%, whereas the 2D-CFTR was inhibited by  > 80% during 
a 10-min chase (  Fig. 6 B  ). CFTR recycling was measured by 
monitoring the reappearance of biotinylated Ab  –  CFTR complex 
from the endosomal compartment with NeutrAvidin-HRP, as de-
scribed in Materials and methods. The severely impeded recycling 
may account for the rapid metabolic turnover of the 2D-CFTR at 
plasma membrane. In support of this inference, although the wt 
CFTR avoided lysosomal delivery, the glycosylation mutants ac-
cumulated in dextran-labeled lysosomes ( Fig. 6 C ). As a corollary, 
the internalized wt but not the glycosylation mutant was confi  ned 
to transferrin-labeled recycling endosomes (  Fig. 6 C  ). 
  Figure 5.       Core glycosylation is sufﬁ  cient for 
the folding and stability of CFTR.   (A) Endo H 
(H) and PNGase F (F) sensitivity of wt CFTR 
in HEK293S cells was assessed by immuno-
blotting with anti-HA Ab after the incubation of 
cell lysates for 3 h at 33  °  C. HEK293MSR cells 
were used as control. Steady-state level (B) and 
cell surface density (C) of wt CFTR in HEK293S 
cells (  n   = 3). (D) Cell surface stability of wt CFTR 
in HEK293S cells was measured by anti-HA  – 
binding assay (  n   = 3). MSR and S indicate 
HEK293MSR and HEK293S cells, respectively. 
C and B indicate complex-glycosylated CFTR and 
core-glycosylated CFTR, respectively. (E) Turnover 
rates of the mature complex-glycosylated CFTR 
and core-glycosylated CFTR in HEK293MSR 
and HEK293S cells, respectively. Metabolic 
turnover of CFTR was measured by CHX chase 
after an initial CHX treatment (3 h) to eliminate 
the ER resident folding intermediates (  n   = 3). 
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E1 Ub-activating enzyme in ts20 but not in the parental E36 
CHO cells at 40  °  C (  Fig. 7, C and D  ). The down-regulation 
of the E1 enzyme was verifi  ed by immunoblotting (  Fig. 7 C  , 
inset). After the E1 enzyme down-regulation in ts20 but not 
in E36 cells, internalized 2D-CFTRs were predominantly associ-
ated with recycling endosomes based on the pH  v   determination 
by FRIA (  Fig. 7 D  ). This implies that the lysosomal targeting of 
the 2D-CFTR was dependent on the E1 enzyme activity. 
  (c) Consistent with the notion that ubiquitination plays a crit-
ical role in the lysosomal targeting of the 2D-CFTR, depletion of 
cellular Hrs (hepatocyte growth factor  –  regulated tyrosine kinase 
substrate) and TSG101, Ub-binding proteins of the ESCRT-0 and -I 
complexes, respectively, with an established role in the lysosomal 
sorting of ubiquitinated cargoes (  Slagsvold et al., 2006  ;   Saksena 
et al., 2007  ), impeded the 2D-CFTR but not Lamp1 lysosomal 
delivery (  Fig. 7, E and F  ; and not depicted). The effi  ciency of 
the siRNA was verifi  ed by immunoblotting (  Fig. 7 E  ). The lack of 
conformational defects and increased ubiquitination of CFTR 
in post-Golgi compartments (  Sharma et al., 2004  ). Although 
N-glycans are localized on the exofacial surface, we hypothe-
sized that the conformational defect imparted by glycan defi  -
ciency may be relayed to the cytosolic domains and provokes 
ubiquitination of the channel. The following evidence sug-
gests that this is indeed the case. 
  (a) The normalized ubiquitination level of the 2D-CFTR 
in post-Golgi compartments was approximately fi  vefold 
higher than wt CFTR, which was demonstrated by denaturing 
immuno  precipitation and anti-Ub immunoblotting of CFTR 
(  Fig. 7, A and B  ). 
[ID]FIG7[/ID]  The immature, ER-associated ubiquitinated 
form of CFTR was eliminated by CHX treatment for 3 h 
before immuno precipitation. 
  (b) Both the cell surface turnover rate and the lysosomal 
targeting of the 2D-CFTR was delayed after the inhibition of 
the ubiquitination machinery by ablating the thermosensitive 
  Figure 6.       Lysosomal targeting and inefﬁ  cient endocytic recycling account for the cell surface instability of glycosylation-deﬁ  cient CFTR.   (A) Internalization 
rate of CFTR variants in BHK cells was measured by anti-HA Ab uptake assay as described in Materials and methods (  n   = 3  –  6). (B) Endocytic recycling 
of CFTR variants in BHK cells was measured by the biotin-NeutrAvidin sandwich assay as described in Materials and methods (  n   = 3). (C) Colocalization 
of internalized CFTR with FITC-dextran  –  loaded lysosomes and FITC-transferrin  –  labeled early endosomes was analyzed by laser confocal microscopy as 
described in Materials and methods. CFTR variants were internalized with anti-HA Ab complexed to TRITC-conjugated anti  –  mouse IgG or Fab for 1 h at 
37  °  C and chased in Ab-free medium for 30 min. Single optical sections obtained by laser confocal microscopy were taken, and only overlay images are 
shown. (D) The pH of the endocytic vesicles containing CFTR variants was measured by single-cell ﬂ  uorescence ratio image analysis using in situ calibra-
tion curve. The pH of   >  300 vesicles was determined in each experiment as described in Materials and methods. (E) The mean pH of vesicular populations 
containing internalized CFTR variants in BHK, HEK293MSR (MSR), and HEK293S (S) cells from 3  –  4 independent experiments. Error bars indicate mean   ±   SEM. 
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by exposing the BHK cells to CHX for 3 h before microsomes 
were isolated by differential centrifugation. The global trypsin and 
chymotrypsin resistance of the full-length 2D-CFTR (   160  kD) 
was decreased as compared with wt CFTR (    190 kD;   Fig. 8  , 
left). 
[ID]FIG8[/ID]  A 50% loss of the mature 2D-CFTR was achieved at a 
10-fold lower trypsin concentration (  Fig. S4 B  ). 
  The protease resistance of the four major domain-containing 
fragments (MSD1 [1  –  388 aa],     45 kD; NBD1 [389  –  678 aa], 
    29 kD; MSD2 [837  –  1,178 aa],     39 kD; and NBD2 [1,152  –
  1,440 aa],     29 kD; the predicted molecular mass of the domain 
is indicated) generated by limited proteolysis was examined with 
domain-specifi  c antibodies MM13-4, 660, HA, and M3A7, re-
spectively (  Cui et al., 2007  ). Modest or no signifi  cant reduction 
was observed in the trypsin resistance of NBD1 and NBD2 frag-
ments as well as in the MSD1. Comparison of the wt and 2D 
MSD2 (   75 – 80  and  50  kD)  indicated  a  signifi  cant decrease in 
protease resistance of the 2D-CFTR by the appearance of immuno-
reactive degradation intermediates (    38 and     24 kD;   Fig. 8  , 
left, asterisks) at a high trypsin concentration (  Fig. 8  , left). To 
avoid the complex glycosylation of the wt CFTR, limited proteo-
lysis was also performed on wt- and 2D-CFTR  –  expressing cells 
off-target effects of siRNA was confi  rmed by the preserved 
recycling of wt CFTR and by the distinct postendocytic destina-
tion of 2D-CFTR in the presence of nonspecifi  c siRNA ( Fig. 7 F ). 
Collectively, these results are consistent with the notion that 
N-glycans can stabilize the channel native fold and therefore pre-
vent its premature ubiquitination in post-Golgi compartments. 
  Conformational destabilization of CFTR 
in the absence of N-glycosylation 
  To assess the N-glycan  –  induced structural changes, we com-
pared the protease susceptibility of the wt and 2D-CFTR in 
their native environment, which is a method used previously to 
unravel conformational differences in CFTR cytosolic domains 
(  Zhang et al., 1998  ). Immunoblotting showed that the proteo-
lytic digestion patterns of the native core-glycosylated (ER re-
tained form by BFA) and complex-glycosylated wt CFTR were 
identical, whereas they substantially differed from the wt core-
glycosylated folding intermediates and misfolded   Δ  F508-CFTR 
(  Zhang et al., 1998  ;   Du et al., 2005  ). 
  For selective probing the mature wt and 2D-CFTR con-
formers, the ER-associated folding intermediates were eliminated 
  Figure 7.       Ubiquitination acts as sorting signal directing glycosylation-deﬁ  cient CFTR into lysosome.   (A) Ubiquitination level of CFTR variants in post-Golgi 
compartments of BHK cells was measured by denaturing immunoprecipitation (IP) and immunoblotting with anti-Ub Ab. Five- to sixfold more cells were 
used for the glycosylation-deﬁ  cient CFTR isolation. Protein loading was adjusted to have a comparable amount of wt and glycosylation-deﬁ  cient CFTR. 
(B) Relative ubiquitination was measured by densitometry after normalization for the amount of precipitated CFTR. (C) Cell surface stability of 2D-CFTR in ts20 
and E36 cells was measured by anti-HA Ab binding. Cells were exposed to 40  °  C for 2.5 h to inactive E1, as veriﬁ  ed by immunoblotting (inset). Dashed 
lines in the plot indicate the half-life of cell surface CFTR. (D) The pH of the endocytic vesicles containing 2D-CFTR in ts20 cells preincubated at 32 or 40  °  C 
for 2.5 h was measured at 37  °  C by FRIA. The percentage of 2D-CFTR residing in vesicles with the indicated pH is plotted. (E) Down-regulation of Hrs and 
TSG101 by siRNA was veriﬁ  ed in HEK cells by immunoblotting. Equal amounts of proteins were loaded. (F) The mean pH of vesicles containing wt or 
2D-CFTR variants in HEK cells transfected with 50 nM TSG101, Hrs, or nonspeciﬁ  c (n.s.) siRNA as described in Materials and methods. Sorting of 2D-CFTR 
in ts20 cells preincubated at 32 or 40  °  C for 2.5 h was measured by FRIA (  n   = 3). WB, Western blot. Error bars indicate mean   ±   SEM.     JCB • VOLUME 184 • NUMBER 6 • 2009  856
microsome isolation. 50% of solubilized 2D-CFTR was aggre-
gated at an     10  °  C lower temperature than its wt counterpart 
(  Fig. 9, A and B  ), a phenomenon also observed for the structur-
ally destabilized     F508-CFTR (  Sharma et al., 2001  ). 
[ID]FIG9[/ID]  The dif-
ferential thermoaggregation appears to be an indicator of the 
remaining secondary structure of detergent-solubilized CFTR 
considering that the difference was eliminated in 8 M urea, and 
the aggregation propensities of Grp78 and the Na 
+ /K 
+ -ATPase 
were comparable in the two CFTR-expressing cell lines (  Fig. 9 A   
and not depicted). Finally, we also showed that the cellular and 
cell surface expression of the glycosylation mutants is tempera-
ture sensitive, similar to the metabolic turnover of the 2D-CFTR 
(  Fig. 9, C and D  ; and not depicted). 
  Discussion 
  Our results provide direct evidence for the dual role of N-glycan 
as a chaperone-dependent and -independent promoter of CFTR 
biogenesis and represent one of the fi  rst attempts to understand 
the consequence of N-glycosylation on a polytopic membrane 
treated for 24 h with BFA and CHX during the last 3 h. This pro-
tocol ensured the accumulation folded wt and 2D-CFTR and the 
elimination of the unfolded wt and 2D-CFTR at the ER. The dif-
ferential protease susceptibility of the MSD2 fragment of the wt 
and 2D-CFTR was confi  rmed on BFA-treated cells ( Fig. 8 , right). 
The nonglycosylated 2D but not the wt MSD2 (   52 – 55  kD)  was 
cleaved into     35- and     24-kD fragments (  Fig. 8  , right, aster-
isks). Similar results were obtained by chymotrypsin digestion 
(Fig. S4 A). Collectively, these results rule out that heterogeneity 
in plasma membrane vesicles orientation or the exposure of a 
single cleavage site provoked the differential protease suscepti-
bility of the 2D-CFTR. 
  The 2D-CFTR increased thermoaggregation propensity 
provided supporting evidence for the conclusion that N-glycans 
contribute to the thermal stability of CFTR. The thermoaggre-
gation tendency of CFTR was measured by determining the 
aggregation-resistant fraction of the SDS-solubilized monomeric 
channel after thermodenaturation at 37  –  100  °  C (  Sharma et al., 
2001  ). To eliminate the contribution of the ER-associated fold-
ing intermediates, cells were exposed to CHX for 3 h before 
  Figure 8.       N-glycosylation increases the protease resistance of the mature CFTR.   Limited trypsinolysis of the wt and 2D-CFTR. Isolated microsomes from BHK 
cells treated with or without 5   μ  g/ml BFA for 24 h were exposed to trypsin. Proteolytic patterns were visualized by immunoblotting with domain-speciﬁ  c 
(shown in parentheses) anti-CFTR antibodies. Dashed regions designate putative fragments containing the Ab-speciﬁ  c domains validated previously 
(  Du et al., 2005  ;   Cui et al., 2007  ). The glycosylation defect provoked increased protease susceptibility of the MSD2 relative to wt in the absence as well 
as in the presence of BFA. The asterisks designate novel MSD2 degradation intermediate in the 2D-CFTR.     857 DIRECT EFFECT OF N-GLYCAN ON CFTR BIOGENESIS   • Glozman et al. 
  Okiyoneda et al., 2004  ,   2008  ;   Farinha and Amaral, 2005  ; 
  Chang et al., 2008  ), we show in this study that N-linked oligo-
saccharides have an intrinsic ability to enhance the nascent 
CFTR folding and native-state stability similar to that ob-
served in a subset of soluble protein in vitro (  Imperiali and 
O  ’  Connor, 1999  ;   Wormald and Dwek, 1999  ;   Mitra et al., 
2006  ). Considering the extent of CNX inactivation and glyco-
sylation inhibition on CFTR folding effi  ciency, the direct and 
indirect (CNX dependent) impact of N-glycans appears to be 
comparable. Although we cannot preclude the possibility that 
the effect could be partially a result of interactions between 
core glycans of CFTR and other cellular factors, this may be 
protein folding energetics in vivo. Although CNX binding in-
creased the CFTR folding effi  ciency, only glycan modifi  cation 
could infl  uence the native-state structural stability. Based on the 
increased ubiquitination and distinct post-Golgi traffi  cking, we 
outline some of the critical steps in the cellular and molecular 
mechanisms responsible for the cell surface stability defect of 
the glycan-defi  cient CFTR. 
  The direct chaperone-independent role of 
N-glycans in CFTR folding and stability 
  In addition to the well-established role of N-glycans as a mo-
lecular signal for CNX recruitment to CFTR (  Pind et al., 1994  ; 
  Figure 9.       N-glycosylation enhances the thermal stability of CFTR.   (A and B) Determination of the mature wt and 2D-CFTR thermoaggregation propensity. 
wt (top) and 2D-CFTR (bottom) were solubilized in RIPA buffer after CHX treatment of the cells for 3 h. Cell lysates were mixed with LSB and incubated at 
the indicated temperature for 5 min. Aggregates were pelleted by centrifugation, and soluble fractions were analyzed with immunoblotting. Dashed regions 
indicate the monomeric mature form of wt and 2D-CFTR. (B) The monomeric wt and 2D-CFTR were quantiﬁ  ed with densitometry on immunoblots shown in 
A and expressed as the percentage of the amount detected at 37  °  C incubation (  n   = 3). (C and D) The effect of low temperature (26  °  C for 24 h) incubation 
on the steady-state level (C) and cell surface density (D) of 2D-CFTR, as measured by Western blotting and anti-HA Ab binding, respectively (  n   = 3). Open 
and closed arrowheads indicate the core-glycosylated/nonglycosylated and complex-glycosylated CFTR, respectively. Error bars indicate mean   ±   SEM.     JCB • VOLUME 184 • NUMBER 6 • 2009  858
has been attained. This is not surprising because deglycosylation 
of a subset of soluble and membrane proteins had no impact on 
their thermodynamic and metabolic stabilities (  Cronin et al., 2005  ; 
  daCosta et al., 2005  ;   Mitra et al., 2006  ). 
  It is recognized that N-glycan participates in the ER quality 
control by ensuring lectin chaperone-mediated ER retention and 
ERAD (  Helenius and Aebi, 2004  ;   Molinari, 2007  ). Intriguingly, 
a lack of N-glycans did not infl  uence the ER retention of un-
folded CFTR (Fig. S1 E), which is consistent with a recent study 
(  Chang et al., 2008  ). Although CNX and Man  8 -specifi  c EDEMs 
are required for the ERAD of several misfolded polypeptides, 
CNX knockout ( Okiyoneda et al., 2008 ) and glycosylation defect 
stimulated the nonnative wt CFTR channel elimination (Fig. S1, 
C and D). This suggests that alternative recognition mechanisms 
(e.g., recruitment of the Hsp70/Hsc70-CHIP-UbcH5, Rma1-
Ubc6, and gp78) are involved in wt CFTR ERAD (  Meacham 
et al., 2001  ;   Younger et al., 2006  ;   Morito et al., 2008  ). In contrast, 
2D mutation failed to delay the     F508-CFTR the ERAD kinetics 
(Fig. S1 E), implying that N-glycans have minimal stabilizing 
effect on the mutant CFTR. 
  The cellular and molecular basis of the 
glycan-deﬁ  cient CFTR instability at the 
plasma membrane 
  We have shown that the glycan-defi  cient 2D-CFTR has several-
fold decreased metabolic and cell surface stability similar to the 
replacement of Asn residues with Ala and Gln in the consensus 
glycosylation sites consistent with earlier results (  Farinha and 
Amaral, 2005  ). This observation rules out the possibility that 
the Asp residue substitutions by itself account for the mutant 
phenotype. We believe that localized unfolding of the glycan-
defi  cient channel initiates the recruitment of the cytosolic chaper-
one Ub system, leading to Ub conjugation and targeting the 
channel for proteolysis by the ELAD as part of the peripheral 
protein quality control mechanism to preserve proteostasis 
(  Sharma et al., 2004  ;   Balch et al., 2008  ). The severely inhibited 
recycling at normal internalization rates as well as the preserved 
metabolic stability of the core-glycosylated and -deglycosylated 
CFTR implies that the cell surface retention of the native chan-
nel is independent of galectin-glycoprotein lattice formation, 
contrary to the regulation of other receptors (e.g., EGF receptor) 
and transporters (e.g., GLUT2;   Lau et al., 2007  ). 
  Considering that Ub has been identifi  ed as an internaliza-
tion and a MVB/lysosomal sorting signal (  Raiborg et al., 2003  ; 
  Traub and Lukacs, 2007  ), it is reasonable to assume that ubiq-
uitination is the predominant signal for the glycan-defi  cient 
CFTR ELAD, although the role of additional pathways cannot 
be ruled out. The role of Ub conjugation in the structurally un-
stable 2D-CFTR turnover is supported by its fi  vefold increased 
ubiquitination relative to its wt counterpart in post-Golgi com-
partments, as well as its greater than threefold slower turnover 
at the cell surface upon inactivation of the ubiquitination ma-
chinery. Consistently, Ub-binding endosomal sorting adaptors, 
Hrs, similar to the TSG101, were found to be functionally in-
dispensable in the MVB/lysosomal delivery of the 2D-CFTR 
by rerouting it from constitutive recycling. Although constit-
uents of the ESCRT0-III have been established to mediate 
minimal because CAS treatment and CNX knockdown had 
comparable impact on the folding effi  ciency. These results 
suggest that evolutionary acquisition of N-glycans could serve 
to optimize the folding energetics independently of the CNX/
CRT folding cycle without imposing signifi  cant alteration in 
the polypeptide amino acid sequence and function in both sol-
uble and integral membrane proteins. 
  Although the modestly decreased (    35%) folding effi  -
ciency in the absence of CNX interaction confi  rms previous stud-
ies (  Farinha and Amaral, 2005  ;   Okiyoneda et al., 2008  ;   Rosser 
et al., 2008  ), the accelerated posttranslational folding kinetics of 
CFTR have not been demonstrated yet (Fig. S2 B). This latter 
phenomenon could be explained by the CNX-induced stabiliza-
tion of MSD2 and protection against premature ERAD (  Rosser 
et al., 2008  ), which is similar to the stabilization of    1-antitrypsin 
null Hong Kong mutant by CNX (  Oda et al., 2003  ). Chaperone-
mediated stabilization of soluble folding intermediates has been 
observed at the single molecule level (  Bechtluft et al., 2007  ) and 
in population both in vitro and in vivo (  Agashe et al., 2004  ). 
  How can we envision the N-glycan folding effect on 
CFTR? In addition to localized conformational change in the 
MSD2 (  Rosser et al., 2008  ), N-glycans may alter the global 
stability of CFTR, displaying extensive domain  –  domain inter-
actions (  Du et al., 2005  ;   Cui et al., 2007  ;   Serohijos et al., 2008  ). 
Localized structural changes are refl   ected by the protease 
hypersensitivity of the glycan-defi  cient MSD2-containing frag-
ment and suggested by the decreased cell surface expression of 
the transmembrane segment 7-8 hairpin in the absence of glyco-
sylation (unpublished data). The global conformational defect 
is supported by the increased thermoaggregation and protease 
susceptibility of the full-length mature 2D-CFTR regardless of 
whether it is confi  ned to the ER or post-Golgi compartments 
(  Figs. 8 and 9   and Fig. S4). Furthermore, the increased ubiqui-
tination, as well as the decreased cell surface stability, provided 
indirect evidence for the cellular manifestations of the 2D-
CFTR structural instability. 
  Localized induction of      turn and infrequently      strand 
by interaction between the N-acetyl group of the fi  rst GlcNAcs 
and soluble polypeptide has been documented (  O  ’  Connor and 
Imperiali, 1996  ). N-glycans could also enhance the refolding 
propensity and stability of several globular polypeptides (  Mitra 
et al., 2006  ). Thermal stabilization of engineered SH3 domain 
variants after polysaccharide chain conjugation was demonstrated 
by the molecular dynamics study (  Shental-Bechor and Levy, 
2008 ). Interestingly, the stabilization effect was dependent on the 
position of the glycans but only very weakly on its size. Collec-
tively, based on these and other observations (  Helenius and Aebi, 
2004  ), it is conceivable that N-glycans limit the conformational 
space accessible to the transmembrane segments, facilitating post-
translational CFTR domain folding. In accord, with the localized 
effect of the glycan chain, partial reversion of the expression and 
folding defect of the 900D- and 2D-CFTR was observed by in-
troducing a validated glycosylation site (T908N) in the fourth 
extracellular loop (  Hammerle et al., 2000  ;   Fig. S5  ). 
  Although cotranslational glycosylation conceivably exerts 
a profolding change in the energy landscape of CFTR, N-glycans 
are not involved in maintaining the native-state stability once it 859 DIRECT EFFECT OF N-GLYCAN ON CFTR BIOGENESIS   • Glozman et al. 
  Electrophoresis and immunoblotting 
  Immunoblotting was performed as described previously (  Sharma et al., 
2004  ). The following antibodies were used: HA (HA.11), Myc (9E10), E1 
Ub-activating enzyme (Covance), and CFTR. M3A7 Ab was mapped to the 
C-terminal region of NBD2 (1,375  –  1,383 LDPVTYQIIR residues), and the 
660 Ab, provided by J. Riordan (University of North Carolina at Chapel 
Hill, Chapel Hill, NC), recognizes the core of NBD1 (  Cui et al., 2007  ). 
Ub (P4D1; Santa Cruz Biotechnology, Inc.), Na 
+  /K 
+   ATPase Ab (a6F; 
Developmental Studies Hybridoma Bank), CNX (SPA860), CRT (SPA600), 
Hsc70 (C92F3A-5), KDEL (10C3; Assay Designs), and     -actin (ab8226; 
Abcam) were also used. 
  Metabolic pulse-chase experiments 
  CFTR turnover was measured by metabolic pulse-chase experiments essen-
tially as described previously (  Lukacs et al., 1994  ). The pulse labeling du-
ration was 15 min if not indicated otherwise. 
  Cell surface density measurements and internalization of CFTR 
  The cell surface density of CFTR-3HA variants was measured by anti-HA Ab 
assay using HRP-conjugated goat anti  –  mouse secondary Ab (GE Health-
care) and Amplex Red (Invitrogen) as a ﬂ  uorescent substrate. The ﬂ  uores-
cence was measured by a plate reader (POLARstar OPTIMA; BMG Labtech, 
Inc.) using 544-nm excitation and 590-nm emission wavelengths. Speciﬁ  c 
binding of the anti-HA Ab was calculated by correcting the signal with the 
nonspeciﬁ  c adsorption of the secondary Ab. Cell surface density of CFTR 
was normalized by protein concentration based on BCA assay. Internaliza-
tion of CFTR was calculated from the difference of speciﬁ   c anti-HA Ab 
binding before and after endocytosis at 37  °  C for 5 min. All experiments 
were performed using three or four parallel samples at least three times. 
  CFTR recycling assay 
  CFTR recycling efﬁ  ciency was measured as described previously (  Sharma 
et al., 2004  ) with modiﬁ  cations. Cell surface CFTR was labeled with anti-
HA Ab (0  °  C for 1 h) followed by labeling of biotin-conjugated anti  –  mouse 
Fab (0  °  C for 1 h; 216  –  1,806 aa; KPL, Inc.). CFTR was internalized at 
37  °  C for 30 min in the complete culture medium, and the remaining cell 
surface  –  associated Ab was blocked by streptavidin (10   μ  g/ml at 0  °  C; 
Sigma-Aldrich). To induce the recycling, the cells were incubated in com-
plete culture medium for 10 min at 37  °  C. The amount of recycled CFTR  –  Ab 
complex was measured by HRP-NeutrAvidin (Thermo Fisher Scientiﬁ  c) 
using Amplex Red. 
  siRNA transfection 
  CNX depletion of HeLa cells stably expressing CFTR-3HA was achieved 
by the CNX-speciﬁ  c ON-TARGET plus SMARTpool siRNA (100 nM ﬁ  nal 
concentration; Thermo Fisher Scientiﬁ  c) using Oligofectamine (Invitrogen) 
transfection. Cells were trypsinized 24 h after the ﬁ  rst transfection and 
retransfected after 24 h of seeding. 24 h after the second transfection, 
cells were split into two 6-cm dishes for pulse-chase experiments. CNX 
knockdown efﬁ  ciency was examined by Western blot analysis in parallel 
samples. TSG101 and Hrs depletion of HEK293 cells transiently express-
ing wt and 2D-CFTR was achieved by the speciﬁ   c ON-TARGET plus 
SMARTpool siRNA (50 nM ﬁ  nal concentration) using Oligofectamine and 
veriﬁ  ed by using rabbit anti-Hrs Ab (provided by H. Stenmark, University 
of Oslo, Montebello, Norway) and anti-TSG101 Ab (4A10; GeneTex, 
Inc.). For Hrs depletion, siRNA was retransfected 2 d after the ﬁ   rst 
siRNA transfection. Control cells were treated with Non-Targeting siRNAs 
(Thermo Fisher Scientiﬁ  c). All experiments were performed 4 d after the 
ﬁ  rst transfection. 
  Measurement of ubiquitination of CFTR in post-Golgi compartments 
  Ubiquitination level of CFTR variants in post-Golgi compartments of BHK cells 
was measured as described previously (  Sharma et al., 2004  ). 2D-CFTR was 
rescued by 26  °  C incubation for 24 h with 10% glycerol followed by 37  °  C 
incubation for 3 h without glycerol in the presence of 100  –  150   μ  g/ml CHX 
for 3 h to eliminate the immature CFTR from the ER (Fig. S1 F). 
  pH  v   measurement of CFTR containing endocytic organelles 
  The pH of endocytic vesicles (pH  v  ) containing CFTR variants was mea-
sured by FRIA as described previously (  Sharma et al., 2004  ;   Barriere 
et al., 2007  ). 
  In situ protease susceptibility of CFTR 
  In situ protease susceptibility of CFTR was determined as described previ-
ously (  Du et al., 2005  ). Microsomes were isolated from transfected BHK 
cells by nitrogen cavitation and differential centrifugation (  Zhang et al., 
MVB/lysosomal sorting of plasma membrane proteins (e.g., EGF 
receptor) after ligand/signal-dependent ubiquitination (  Raiborg 
et al., 2003  ;   Slagsvold et al., 2006  ), the function of the ESCRT 
in the quality control of endocytic cargo is less well described. 
The accelerated cell surface turnover in concert with the lyso-
somal targeting of the 2D-CFTR provides a second example that 
is reminiscent of nonnative     F508- and    70-CFTR  degradation 
from the cell surface. Both mutants, but not the wt CFTR, were 
found to physically associate with Hrs, STAM, TSG101, Vps25, 
and Vps32, components of the ESCRT0-III, although the func-
tional signifi  cance of these interactions in the mutant lysosomal 
sorting has not been examined yet (  Sharma et al., 2004  ). 
  Besides elucidating the complex role of N-glycans in 
CFTR biogenesis, our observations have two important impli-
cations. First, they emphasize that N-glycans also infl  uence the 
ELAD kinetics from the plasma membrane. This conclusion 
supports the hypothesis that folding energetic is a critical deter-
minant of membrane protein turnover not only at the early se-
cretory pathway (  Wiseman et al., 2007  ) but at the post-Golgi 
endosomal axis as well (  Sharma et al., 2001  ,   2004 ;  Arvan  et  al., 
2002  ;   Krebs et al., 2004  ). The 2D-,     F508- and    70-CFTR 
conformational destabilization correlates with their ubiquitina-
tion, metabolic destabilization, and preferential MVB/lysosomal 
targeting from the cell surface, representing key events in a com-
plex quality control mechanism for integral plasma membrane pro-
teins in mammalian cells. Second, the aforementioned proposed 
paradigm of the 2D-CFTR degradation may serve as a testable 
model for the accelerated turnover of several glycosylation-
defi  cient plasma membrane proteins, e.g., aquaporin-2, H 
+ /K 
+ -
ATPase      subunit, ABCB11, rhodopsin, dopamine D2 receptor, 
GLUT1, and     -adrenergic receptor, caused by presently un-
known mechanisms (  Rands et al., 1990  ;   Asano et al., 1993  ; 
  Hendriks et al., 2004  ;   Vagin et al., 2004  ;   Watanabe et al., 2004  ; 
  Zhu et al., 2004  ;   Mitra et al., 2006  ;   Free et al., 2007  ;   Mochizuki 
et al., 2007  ). 
  Materials and methods 
  Recombinant DNA constructs 
  Asn residues at positions 894 and 900 in the two consensus N-glycosylation 
sites of CFTR were replaced with Asp, Ala, or Gln residues using overlap-
ping PCR. The PCR products were introduced into pNut-wt-CFTR-3HA 
construct using BspEI/PmlI restriction sites. The N894D-/N900D-CFTR 
(2D-CFTR) was generated using the N894D-CFTR as a template and the 
N900D mutagenic primers. Similar strategy was used to generate 
N900D+T908N- and 2D+T908N-CFTR constructs.   Δ  F508-CFTR-3HA con-
taining the 2D mutations was generated by PCR mutagenesis. 
  Cell culture and transfection 
  Stably transfected BHK cell lines expressing wt, N894D, N900D, 2D-, 2A-, 
and 2Q- or   Δ  F508-CFTR-2D as well as N900D+T908N- and 2D+T908N-
CFTR variants were generated as described previously (  Du et al., 2005  ). 
After selection, 50  –  100 methotrexate-resistant clones were pooled and ex-
panded for experiments. Experiments were performed on 3HA-tagged 
CFTR variants if not indicated otherwise. E36 and ts20 CHO cell lines sta-
bly expressing the wt and 2D-CFTR were generated by retroviral infection 
as described previously (  Benharouga et al., 2003  ). HEK293S cells were 
provided by G. Khorana (Massachusetts Institute of Technology, Cam-
bridge, MA). Transient expression of CFTR variants in COS-7 cells was ac-
complished using the FuGENETM6 reagent (Roche). HeLa cells stably 
expressing wt CFTR-3HA were generated by lentiviral infection by 
J. Wakeﬁ  eld (Tranzyme, Durham, NC). CAS was purchased from Toronto 
Research Chemicals, and TUN was purchased from Sigma-Aldrich. JCB • VOLUME 184 • NUMBER 6 • 2009  860
preventing N-glycosylation increases the global and local chymotrypsin 
susceptibility of CFTR. Fig. S5 shows the effect of inserting an additional 
N-glycosylation site into the fourth loop on the expression and folding efﬁ  -
ciency of 900D- and 2D-CFTR. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.200808124/DC1. 
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